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Introduction {#sec005}
============

Phytochemicals from host plants are well known to affect behavior and physiology for a wide range of insects \[[@pone.0124250.ref001]\]. In several phytophagous insect species, males are attracted to volatile compounds released by the host plant, increasing the probability of encountering females \[[@pone.0124250.ref002],[@pone.0124250.ref003]\]. However, host plants offer benefits other than cues to find mating partners, and insects have developed different strategies to optimize mating and reproductive success making use of plant chemicals. In some cases, insects acquire host plant chemicals and use them as pheromones or precursors; in others, these chemicals synergize or otherwise induce or enhance the emission of sex pheromones or the response from the receiver, as reviewed in \[[@pone.0124250.ref004],[@pone.0124250.ref005]\].

Tephritid fruit flies have evolved a wide range of mating systems, and plants play an important role in shaping male sexual behavior and mating success in many ways \[[@pone.0124250.ref006]\]. Host plants can act as encounter site for opposite sexes in some species, particularly those having a narrow host range. This is the case of the apple maggot fly, *Rhagoletis pomonella* (Walsh) where males rest on host fruit waiting for the females, with which they mate upon arrival \[[@pone.0124250.ref007]\]. In several Tephritidae species (typically polyphagous), female location is less predictable, and males aggregate and release sex pheromone in groups (termed leks) to attract females \[[@pone.0124250.ref008]--[@pone.0124250.ref010]\]. Plant compounds have also been found to affect sexual communication in these lekking species. *Bactrocera dorsalis* (Hendel) males are known to ingest methyl eugenol, a natural compound found in certain species of plants, which serves as a precursor in the synthesis of sex pheromone and enhance the attraction of females \[[@pone.0124250.ref011]--[@pone.0124250.ref013]\]. Likewise *Bactrocera tryoni* (Froggatt) showed an enhancement of mating success, most likely related to changes in pheromone composition when males fed on cuelure and zingerone \[[@pone.0124250.ref014],[@pone.0124250.ref015]\]. In *Ceratitis capitata* (Wiedemann), the exposure of males to fruit volatiles increases male mating success \[[@pone.0124250.ref016]--[@pone.0124250.ref020]\]. Although the mechanisms underlying this phenomenon are less understood than for *B*. *dorsalis*, the increase in mating success seems to be related to an increase in male pheromone calling behavior \[[@pone.0124250.ref017],[@pone.0124250.ref021]\] and also to an alteration in male-derived olfactory cues \[[@pone.0124250.ref022]\]. This phenomenon has recently been explored in the olive fly, *Bactrocera oleae* (Gmelin), a monophagous pheromone releasing species, for which the exposure to α-pinene increases mating performance of males and females \[[@pone.0124250.ref023]\].

Previous work carried out by our group indicated that wild and laboratory males of the South American fruit fly, *Anastrepha fraterculus* (Wiedemann), exposed to guava fruit (*Psidium guajava* L.), one of the preferred hosts, mated more frequently than males that have not been exposed to guava \[[@pone.0124250.ref024]\]. Additionally wild males that were exposed to guava copulated earlier than non-exposed males. This was true even when males were exposed only to fruit volatiles and were not allowed to contact the fruit \[[@pone.0124250.ref024]\]. This effect was not tested with wild females. Exposure to other host fruits, such as mango (host for *A*. *fraterculus*) did not enhance male sexual performance. Even when the effect of guava fruit on *A*. *fraterculus* males' mating success has been reported by Vera et al. \[[@pone.0124250.ref024]\], the mechanism by which males are able to gain an advantage after exposure to this fruit is largely ignored.

The sexual behavior of *A*. *fraterculus* has been analyzed in some Brazilian and Argentinean populations \[[@pone.0124250.ref025]--[@pone.0124250.ref029]\]. Mating occurs early in the morning, with most copulations taking place during the first 2 or 3 h after dawn, when males aggregate to form leks to attract females \[[@pone.0124250.ref025]\]. *Anastrepha fraterculus* leks are similar to those described for other *Anastrepha* species \[[@pone.0124250.ref030]\] and may be operationally defined as aggregations of at least 3 males calling simultaneously in clearly defined areas, usually from adjacent leaves of a single branch \[[@pone.0124250.ref028]\]. While calling, males often defend a small territory and exhibit a wide repertory of acoustic, visual, and chemical (pheromonal) signals. As in other *Anastrepha* species, pheromone emission is greatest during the puffing of lateral pouches of expandable pleural abdominal cuticle (which is associated to the extrusion of the salivary glands) and the periodic protrusion of anal tissue to form a pouch \[[@pone.0124250.ref031]\]. This puffing behavior is accompanied by bursts of rapid wing fanning producing sound and directing air over the body surface, which aids pheromone diffusion \[[@pone.0124250.ref031]\]. The stimuli eliciting lek formation in *A*. *fraterculus* are unknown, but it has been suggested that light level as well as male signalling behavior, mainly through pheromone release, are involved \[[@pone.0124250.ref025]\]. Females visit the leks and choose a mating partner \[[@pone.0124250.ref009]\]. The mechanisms by which females choose a mating partner are not fully understood. However, it has been shown that male copulatory success is related to pheromone calling activity, male location within the lek \[[@pone.0124250.ref028]\], and specific morphological traits such as eye length \[[@pone.0124250.ref027], [@pone.0124250.ref028]\]. This evidence suggests that female mating decisions can be based on integration of multiple stimuli: chemical, visual and probably vibratory signals. And host plant volatiles may play a role in this decision.

The discovery of natural compounds that enhance male mating competitiveness in phytophagous insects could have important economic relevance, especially when the insects are pests. Several tephritid fruit fly pests are controlled by the Sterile Insect Technique (SIT) \[[@pone.0124250.ref032]\], in which the mating competitiveness of the released sterile males is critical \[[@pone.0124250.ref033]\]. Consequently, the development of methods to boost male\`s sexual performance has been the focus of intense research. In this context, pre-release exposure to guava volatiles may improve the success of *A*. *fraterculus* males in competitions for mating wild females. However, this phenomenon was described only for laboratory females and there is a lack of knowledge about the mechanisms and the identity of the volatile compounds involved. Here, we aimed to: 1) Evaluate whether exposure to guava volatiles enhanced mating competitiveness in laboratory males competing for wild females (Experiment 1A); 2) Evaluate changes in pheromone release and male calling behavior (visual displays during courtship) after guava exposure (Experiment 1B); 3) Evaluate the temporal pattern of calling behavior in exposed and non-exposed males according to mating status (Experiment 2); and 4) Determine whether the enhancement elicited by guava exposure can be mimicked by an artificial blend containing a subset of components present in guava aroma (Experiment 3). Based on previous findings, we hypothesize that specific compounds released by guava fruit trigger an increase in mating success of males which is mediated by changes in male calling behavior. In addition, we hypothesize that exposed males call more intensely that non-exposed males during the entire period of sexual activity for this species (2--3 h after sunrise). Finally, if the response to guava volatiles is due to specific compounds, then there is a subset of volatiles able to mimic the effect of the fruit aroma.

Materials and Methods {#sec006}
=====================

Insects {#sec007}
-------

*Anastrepha fraterculus* adult flies were obtained either from a laboratory colony or from the wild. Laboratory flies were reared at INTA Castelar from a colony established at the Agricultural Zoology laboratories (Estación Experimental Agroindustrial Obispo Colombres, Tucumán, Argentina). This colony was initiated in 1997 with pupae obtained from infested guavas collected around Tafí Viejo (Tucumán) \[[@pone.0124250.ref034]\]. Rearing followed standard procedures using an artificial diet based on yeast, wheat germ, sugar, and agar for larvae and a mixture of sugar and hydrolyzed yeast for adults \[[@pone.0124250.ref035], [@pone.0124250.ref036]\]. Wild flies were recovered from infested guavas collected at Horco Molle, Tucumán (26° 49\' 0\" S / 65° 19\' 0\" W). Since collected insects did not involve endangered or protected species, no specific permission was required. Fruits were placed in plastic trays on top of a layer of sand to allow pupation. Twice a week, sand was sieved, and pupae were recovered. Both laboratory and wild pupae were placed under controlled environmental conditions (T: 24 ± 2°C, RH: 70 ± 10%, photoperiod 14L: 10D) until adult emergence.

On the first day after emergence flies were sorted by sex and transferred to plastic containers (with the aid of an aspirator), where they were provided food and water. Females were placed in 1 L plastic cylindrical containers (15 cm tall, 12 cm in diameter) in groups of 25 individuals and fed with the standard diet used for rearing, which contains sugar, hydrolyzed yeast (MP Biomedicals, San Francisco, CA, USA), hydrolyzed corn (ARCOR, Tucumán, Argentina) (4:1:1 ratio) and vitamin E (Parafarm, Buenos Aires, Argentina). Males were placed in 21 L plastic containers (37 x 28 x 21 cm) in groups of 100 individuals and fed with sugar and brewer's yeast (CALSA, Tucumán, Argentina) (3:1 ratio). Flies included in mating tests were sexually mature (\>10 d-old for laboratory males; \> 14 d-old for wild males; \> 14 d-old for laboratory females; \> 18 d-old for wild females) \[[@pone.0124250.ref026],[@pone.0124250.ref034],[@pone.0124250.ref037],[@pone.0124250.ref038]\].

Experiment 1. Effect of guava exposure on male mating success, calling behavior and pheromone release {#sec008}
-----------------------------------------------------------------------------------------------------

### Exposure to Guava Volatiles {#sec009}

The general procedure followed Vera et al. \[[@pone.0124250.ref024]\]. Guava fruits were collected from trees occurring in a natural forest in Horco Molle. Prior to exposure, fruits were washed with tap water, cut in halves, and placed in 250 ml cylindrical plastic containers (6 cm tall, 8 cm in diameter), one medium size fruit (ca. 50 g) per container. Fruit exposure started when flies (wild and laboratory males) were sexually immature. Males had no access to the pulp as a cloth mesh was placed over the opening of the container. The minimum distance between the fruit and the mesh was 0.5 cm. The container was placed in the cages described above that housed the males, adult food, and water. The fruit was replaced every other day until the end of the exposure period, which depended on fruit availability and lasted from 2 to 11 days. Even if the time of exposure was not the same among replicates, further analysis confirmed no correlation of time of exposure with mating success (Pearson Product moment correlation analysis r = -0.224, N = 9, P = 0.562). Fruit exposure ended at least 24 h before the mating test. After the fruit exposure period, the cage was transferred to a clean room in which males were kept until they were tested. Control males were maintained in a different room with similar environmental conditions but were not exposed to guavas.

Experiment 1A. Effect of guava exposure on male mating success {#sec010}
--------------------------------------------------------------

### Mating Tests {#sec011}

The effect of prior exposure to guava volatiles on male mating success was evaluated by scoring female mating choice in experimental arenas. Each arena consisted of a 1 L plastic cylindrical container (same as described above) with a screen lid that housed three virgin flies: one male exposed to guava, one control male (not exposed to guava), and one female. Male competitors were of the same age and origin (wild or laboratory) and differed only in their exposure to guava volatiles. Females used were always from the wild. Exposed and non-exposed males were labelled by providing them a diet that had been dyed with a food colorant (Fleibor, Tablada, Buenos Aires, Argentina). Randomly assigned colours identified different male treatments. The morning of the mating tests, under semidarkness, males and females were released in the experimental arena, with males released 15 min before females. Once the experiment was set up, the room lights were turned on (8:30 am) at which time an observer started to monitor continuously the occurrence of mating pairs. Whenever a couple was detected, male colour and time at which copulation started were recorded. All experiments were conducted under laboratory conditions (T: 25 ± 1°C and 70 ± 10% RH). Illumination was provided by fluorescent tubes and natural light coming from a window. Given that Argentinean populations of *A*. *fraterculus* present a narrow period of mating activity early in the morning \[[@pone.0124250.ref024],[@pone.0124250.ref026],[@pone.0124250.ref039]\], each mating test lasted 2 h. The experiment was performed along 9 different days, and each day between 30 and 60 mating arenas were observed. In total, we evaluated 459 mating arenas. Sample size is 130 for laboratory males (along 3 different days) and 329 for wild males (along 6 different days) respectively.

Experiment 1B. Effect of guava exposure on male calling behavior and pheromone release {#sec012}
--------------------------------------------------------------------------------------

This experiment examined potential changes in male behavior and physiology related to guava exposure that could account for the increase in mating success demonstrated in Experiment 1A. In order to do that, we collected behavioral and pheromonal data from guava exposed and non-exposed males, both for wild and laboratory males. The experiment was performed along 6 different days after the mating test with males from exp 1A. Each replicate consisted of ten males from each treatment (guava exposed mated males vs. non-exposed unmated ones), placed in a 250 mL glass chamber (20 cm length, 4 cm in diameter). Males were provided with water and sugar solution (10%) until the next day. Wild and laboratory males were placed in separate chambers.

Behavioral recordings and collection of volatiles were performed simultaneously and started at 8:30 am of the day following mating tests and lasted for 3 h \[[@pone.0124250.ref040]\]. Two components of male courtship associated with pheromone emission and dispersion \[[@pone.0124250.ref031],[@pone.0124250.ref029]\] were recorded: wing fanning and exposure of salivary glands. During the 3-h observation period, the number of males performing these behaviors was recorded. Six replicates along six different days were carried out (3 with wild and 3 with laboratory males).

The volatiles emitted by calling males were collected during 3 h from groups of 10 males. A purified air stream was blown over living males enclosed in the glass chambers. Volatiles were collected onto traps made of 30 mg of Hayesept Q adsorbant (Grace, Deerfield, IL, USA). The air flow directed through the apparatus was set at 400 ml/min. After collection, the trapped volatile compounds were eluted with 200 μl of methylene chloride. No internal standard was added. Samples were analyzed chemically by using an Agilent 7890A gas chromatograph (GC) equipped with a HP-5 column (30 m ± 0.32 mm inner diameter ± 0.25 μm film thickness; Agilent Technologies), and a flame ionization detector. The initial oven temperature was 35°C and after 1 min the oven temperature was increased to 100°C at 5°C min^-1^ and from 100°C to 230°C at 12°C min^-1^, then held for 10 min. Samples were injected in the splitless mode with the injector purged at 30 sec with nitrogen as the carrier gas at 27.6 cm/sec flow velocity. To estimate pheromone emission, four compounds characteristic of *A*. *fraterculus* pheromone (anastrephin, epianastrephin, suspensolide, and (*E*,*E*)-α-farnesene), were quantified \[[@pone.0124250.ref041],[@pone.0124250.ref042]\].

Compound identities were confirmed by comparison of retention time with those of authentic synthetic samples obtained from the Center for Medical, Agricultural and Veterinary Entomology (USDA-ARS, Gainesville, FL, USA). Seven replicates along 6 different days were carried out. Three with laboratory and four with wild males (2 of the replicates were performed during the same day).

Experiment 2. Effect of guava exposure on the temporal pattern of wild males calling behavior {#sec013}
---------------------------------------------------------------------------------------------

Bearing in mind that for *A*. *fraterculus* mating behavior is an activity limited to a specific time during the day, we set up this experiment in order to evaluate if the temporal pattern of male calling behavior is correlated to the temporal pattern of the formation of mating pairs. This experiment was carried out with a new set of wild males. Males were exposed to guava volatiles following the general procedures described above. Exposure was initiated when males were sexually immature (4 d-old) and lasted 4 d. After exposure, males were transferred to new cages and provided with food and water until they were evaluated in a mating test as described above. Non- exposed males were used as control. Immediately after mating tests, females were discarded, and males were assigned to one of the following categories: 1) exposed males that mated (E+), 2) exposed males that did not mate (E-); 3) non-exposed males that mated (noE+); and 4) non-exposed males that did not mate (noE-). To evaluate the temporal pattern of male calling behavior, groups of ten sexually mature 14-d-old males of each treatment (i.e., E+, E-, noE+ and noE-) were placed in 400 mL glass chambers (20 cm length, 4 cm in diameter) the afternoon before the evaluation. A total of 9 chambers (replicates) were prepared for E+ and noE- males and 11 chambers for E- and noE+ males along 5 d. The next morning, after the lights were turned on, the number of males exhibiting fanning, and salivary gland and anal pouch exposure was recorded for males of each treatment. Recordings started at 8.30 h and were carried out every 30 min for a total of 210 min (seven recordings).

Experiment 3. Effect of an artificial blend exposure on male mating success {#sec014}
---------------------------------------------------------------------------

### Blend exposure {#sec015}

The natural aroma from guavas is a complex blend comprising more than 40 compounds \[[@pone.0124250.ref043]\]. Males were exposed to an artificial blend comprised of a subset of seven synthetic compounds that had been reported in the headspace of guava fruit \[[@pone.0124250.ref043],[@pone.0124250.ref044]\]. This experiment involved male exposure to compounds from different chemical families as aldehydes ((*E*)-2-hexenal), esters (ethyl butanoate and ethyl hexanoate), monoterpenes (β-myrcene, limonene, (E)-β-ocimene) and sesquiterpenes (α-humulene). All compounds were obtained from the CMAVE terpene stocks maintained at CMAVE. Samples were either purchased from Sigma-Aldrich (E-2-hexenal, limonene, β-myrcene, (E)-β-ocimene, α-humulene) or synthesized in house (ethyl butanoate, ethyl hexanoate) and purified to a minimum of 98% purity using normal phase HPLC as indicated by analysis by GC-FID and GC-MS. We were able to confirm the presence of all the compounds used in the artificial blend but β-myrcene, in our own samples of guava volatiles ([S1 Fig](#pone.0124250.s001){ref-type="supplementary-material"}). The blend was prepared by diluting even proportions of the compounds in acetone (99.5% pure). The final concentration for each compound was 10.0 mg/ml \[[@pone.0124250.ref017],[@pone.0124250.ref045]\]. A fixed volume (0.1 ml) of the blend was pipetted on a piece of filter paper (Macherey-Nagel, Düren, Germany). Once the acetone had completely evaporated, the filter paper was placed in a 10 mL cylindrical plastic container (3 cm tall, 2 cm in diameter). A thin layer of Parafilm M (Pechiney Plastic Packaging, Chicago, IL, USA), that had been pierced 10 times with an entomological needle, was used to cover the container. This procedure aimed at generating a slow release of the blend. Groups of ten 4-d-old males were exposed to the blend in a 1 L cylindrical plastic container (same as in Experiment 1) with adult food and water for 4 d. The odour source was replaced every other day. Thus, during those 4 d each group of 10 males was exposed to a total of 2.0 mg of each compound. Control males were exposed to acetone only, following the same procedure than exposed males. Mating success was evaluated as described in Experiment 1 except that laboratory females were tested with laboratory males and wild females were tested with wild males. It is noticeable that wild females were used along this work whenever possible. However, guava plant fruiting period is very short in Argentina (1--2 months) and it was not possible to carry out the whole series of experiments with wild females due to availability. Males were marked on the thorax with a dot of water-based paint 48 h (Témpera Alba, Industrias para el Arte S.A, Argentina) before the test to allow for identification \[[@pone.0124250.ref026]\]. Males that belong to one treatment were painted, whereas males of the other treatment were not. The marked male could be exposed or non-exposed and that was alternated across trials to avoid biases. The experiment lasted 10 days, 3 with laboratory and 7 with wild males. In total, we evaluated 912 mating arenas. Sample size was 330 for laboratory males and 582 for wild males respectively.

Data analysis {#sec016}
-------------

In Experiments 1A and 3, the frequency of mating pairs obtained by males exposed to guava or to the artificial blend and non-exposed males were compared by means of a Yates-corrected G-test of goodness of fit. Tests were carried out separately for laboratory and wild males. In Experiment 1A the distribution of matings along time was compared by means of Chi square test of goodness of fit, for wild and laboratory males separately.

In Experiment 1B, the number of males performing wing fanning and exposing their salivary gland as well as an estimation of the amount of pheromone released were compared between exposed non-mated and non-exposed mated males by means of a mixed effect model. For each replicate the average number of males performing a given behavior across observation bouts was used as the dependent variable while the exposure condition was used as the fixed factor and the origin of the male and the day in which the trial was performed, so as to group cohorts, as the random factors. The amount of pheromone released was estimated as follows: First, the amount of (E,E)-α-farnesene was calculated by performing an external calibration curve using synthetic standards. Afterwards, the amount of suspensolide, anastrephin and epianastrephin was calculated relative to the amount of (E,E)-α-farnesene by obtaining a ratio as follows: area of suspensolide divided by area of farnesene within each chromatogram (same with anastrephin and epianastrephin). Additionally, Pearson Product-Moment correlation analysis was performed in order to study possible correlations among behavioral parameters of male calling and the emission of individual pheromone compounds.

In Experiment 2, the effect of guava exposure on the temporal pattern of male calling behavior along the period of sexual activity was evaluated by means of a General Linear Model (GLM) in which the male exposure condition (i.e., exposed and non-exposed), mating status (i.e. mated or virgin) and the observation period were the fixed factors. The model included all possible interactions and considered the correlation among observations from the same glass chamber. The response variables analyzed were number of males exhibiting fanning, salivary gland exposure, anal pouch exposure and the sum of the three behaviors (from herein referred to as 'sexual display'). Analysis was performed with the R interface of Infostat \[[@pone.0124250.ref046]\].

Results {#sec017}
=======

Experiment 1A. Effect of guava exposure on male mating success {#sec018}
--------------------------------------------------------------

Exposed males achieved significantly more percentage of mating couples than non-exposed ones irrespective to male origin (laboratory males: Gy = 16.28, N = 130, P\<0.001; wild males: Gy = 28.45, N = 329, P\<0.001) ([Fig 1A](#pone.0124250.g001){ref-type="fig"}). The ratio of mating success between exposed and non-exposed laboratory males was 3 to 1, while for wild males it was 2.3 to 1. This suggests that the enhancing guava effect is slightly stronger in laboratory males. The highest rates of mating pair formation occurred during the first 30 minutes of observation for both, exposed and non-exposed males ([Fig 1B](#pone.0124250.g001){ref-type="fig"}) and decreased markedly during the second half of the first hour of observation (30 to 60 minutes interval). After 60 minutes there was almost no mating initiation. Both for laboratory and wild males, highly significant differences were found along time (laboratory males: Chi^2^ = 318.7, N = 130, P\<0.001; wild males: Chi^2^ = 99.6, N = 329, P\<0.001).

![Effect of guava exposure on male mating success and time of mating pair formation.\
a) Percentage of matings obtained by guava-exposed and non-exposed *Anastrepha fraterculus* males for wild and laboratory populations (asterisks indicate G-Test: P \< 0.001, N = 130 for laboratory and N = 329 for wild males). b) Percentage of matings according to time of mating pair formation for guava-exposed and non-exposed males (Chi square Test P \< 0.001 for both, laboratory and wild males). In all cases wild females were used in the mating tests.](pone.0124250.g001){#pone.0124250.g001}

Experiment 1B. Effect of guava exposure on male calling behavior and pheromone release {#sec019}
--------------------------------------------------------------------------------------

The mean number of males performing wing fanning was significantly higher in guava-exposed mated compared to non-exposed unmated males (F~1,5~ = 49, N = 6, P\<0.001) ([Fig 2A](#pone.0124250.g002){ref-type="fig"}). The mean number of males exposing their salivary glands showed the same tendency, but differences between exposed and non-exposed males were non-significant (F~1,5~ = 5.0, N = 6, P = 0.076) ([Fig 2B](#pone.0124250.g002){ref-type="fig"}). The amount of (E,E) -α-farnesene, anastrephin, epianastrephin and suspensolide released was always higher for guava-exposed mated males ([Fig 2C--2F](#pone.0124250.g002){ref-type="fig"}). These differences were statistically significant for all compounds, except for (E,E) -α-farnesene (anastrephin: F~1,6~ = 6.80, N = 7, P = 0.040; epianastrephin: F~1,6~ = 13.53, N = 7, P = 0.010; (E,E)-α-farnesene: F~1,6~ = 4.33, N = 7, P = 0.083; suspensolide: F~1,6~ = 9.09, N = 7, P = 0.005). The impact of male origin was in all cases irrelevant (less than 1% of the total variance. Correlations among parameters related to the male calling behavior (i.e. wing fanning and salivary glands exposure) and individual pheromone compounds were all significant with P\<0.05 except for wing fanning vs. anastrephin (P = 0.09, [S1 Table](#pone.0124250.s002){ref-type="supplementary-material"}).

![Effect of guava exposure on male calling behavior and pheromone release.\
a) Number of males that were detected fanning their wings across the observational period (mean ± SE) (mixed effect model P\<0.001). b) Number of males that were detected exposing their salivary glands across the observational period (mean ± SE) (mixed effect model P = 0.076). c) Anastrephin released per male (mean proportion to *(E*,*E)*-α-farnesene ± SE) (mixed effect model P = 0.040). d) Epianastrephine released per male (mean proportion to *(E*,*E)*-α-farnesene ± SE) (mixed effect model P = 0.0104). e) Amount (ng) of *(E*,*E)*-α-farnesene released per male SE) (mixed effect model P = 0.083). f) Suspensolide released per male (mean proportion to *(E*,*E)*-α-farnesene ± SE) (mixed effect model P = 0.005). In all cases male origin factor and interaction were non-significant.](pone.0124250.g002){#pone.0124250.g002}

Experiment 2. Effect of guava exposure on the temporal pattern of wild males calling behavior {#sec020}
---------------------------------------------------------------------------------------------

Frequency of fanning, salivary gland exposure and anal pouch exposure were high early in the morning and diminished gradually over time ([Fig 3](#pone.0124250.g003){ref-type="fig"}). Accordingly, there was a highly significant effect of the observation time on the three recorded behaviors and their sum (i.e. sexual display) ([Table 1](#pone.0124250.t001){ref-type="table"}). The highest rates of sexual display occurred early in the morning, which corresponds to the time of highest mating probability (see [Fig 1B](#pone.0124250.g001){ref-type="fig"}). Exposed males showed the highest mean values of the three behaviors analyzed during the first 60 minutes of observation, while the curve for non-exposed and non-mated males showed the lowest values. Salivary gland exposure ([Fig 3B](#pone.0124250.g003){ref-type="fig"}) and sexual display ([Fig 3C](#pone.0124250.g003){ref-type="fig"}) showed to be significant in guava-exposed males. Mating status showed to be non-significant in any case ([Table 1](#pone.0124250.t001){ref-type="table"}). Given that most of copulations occurred early in the morning we did a two-way ANOVA only for the first observation period (i.e. first 30 minutes from the beginning of sexual activity) as a post hoc test. Results confirmed the occurrence of significant differences between exposed and non-exposed males for salivary gland exposure (F~1,36~ = 4.72, N = 40, P = 0.036) and extended this effect to wing fanning (F~1,36~ = 4.92, N = 40, P = 0.033). For sexual display and anal pouch the effect of guava exposure was not significant (F~1,36~ = 3.22, N = 40, P = 0.081 and F~1,36~ = 0.09, N = 40, P = 0.770 respectively). For the four response variables both, mating status and the interaction between exposure condition and mating status were non-significant (P\>0.05).

![Temporal pattern of the different components of *Anastrepha fraterculus* wild male´s sexual behavior.\
a) Number of males fanning their wings along the 210 minutes of observation time (mean ± SE) (GLM, P = 0.223 for wing fanning). b) Number of males exposing their salivary gland (mean ± SE) (GLM, P = 0.007 for salivary gland). c) Number of males exposing their anal pouch (mean ± SE) (GLM, P = 0.080 for anal pouch). d) Sexual displays which results from adding the three recorded behavioral parameters (mean ± SE) (GLM, P = 0.024 for sexual display). Mean values are presented separately in all male treatments. In all cases GLM showed significant differences at P\<0.0001 for observation time and non-significant differences neither for mating status, nor for any interaction.](pone.0124250.g003){#pone.0124250.g003}

10.1371/journal.pone.0124250.t001

###### General Linear Model analysis for experiment 2.

![](pone.0124250.t001){#pone.0124250.t001g}

                            Wing fanning   Salivary gland exposure   Anal pouch exposure   Sexual display                             
  -------------------- ---- -------------- ------------------------- --------------------- ---------------- ------ ---------- ------- ----------
                       df   F              P                         F                     P                F      P          F       P
  Exposure condition   1    1.49           0.2232                    7.28                  0.0074           3.08   0.0803     5.19    0.0236
  Mating status        1    1.18           0.2791                    3.59                  0.0594           0.64   0.4256     1.99    0.1598
  Observation period   6    36.61          \<0.0001                  39.65                 \<0.0001         8.83   \<0.0001   40.27   \<0.0001
  Exp\*MS              1    0.12           0.7274                    0.15                  0.6971           1.04   0.3097     0.63    0.4270
  Exp\*Obs             6    1.84           0.0913                    0.56                  0.7635           1.07   0.382      0.61    0.7239
  MS\*Obs              6    0.81           0.5639                    0.46                  0.8381           0.27   0.9493     0.34    0.9139
  Exp\*MS\*Obs         6    0.82           0.5553                    1.22                  0.2962           0.72   0.6314     1.71    0.1193

The effect of guava exposure on the temporal pattern of male calling behavior of *Anastrepha fraterculus* males was evaluated along the period of sexual activity. The variables considered were wing fanning, salivary and anal pouch exposure, and sexual display (i.e. the sum of the three previously mentioned behaviors). Exp: exposure condition; MS: mating status; Obs: observation period.

Experiment 3. Effect of an artificial blend exposure on male mating success {#sec021}
---------------------------------------------------------------------------

The number of matings obtained by laboratory reared males exposed to artificial blend was significantly higher than that obtained by non-exposed males (Gy = 7.905, N = 330, P = 0.005) ([Fig 4](#pone.0124250.g004){ref-type="fig"}). These correspond to a 58.7% of mating in exposed lab males vs. 41.3% of mating to non-exposed ones. No differences were detected in the number of matings obtained for exposed and non-exposed wild males (Gy = 1.809, N = 582, P = 0.179) ([Fig 4](#pone.0124250.g004){ref-type="fig"}).

![Effect of artificial blend exposure on male mating success.\
Percentage of matings obtained by wild and laboratory *Anastrepha fraterculus* males, exposed and non-exposed to an artificial blend containing a subset of volatile compounds released by guava fruits ((*E*)-3-hexenal, β-myrcene, (*E*)-β-ocimene, ethyl butanoate, ethyl hexanoate, α-humulene, and limonene). Asterisks indicate G-Test, P = 0.005, N = 330 for laboratory males. For wild males, G-Test, P = 0.179, N = 582. In mating tests, wild females were used with wild males, while laboratory females were used with laboratory males.](pone.0124250.g004){#pone.0124250.g004}

Discussion {#sec022}
==========

The present study confirmed that exposure to guava fruit volatiles increases *A*. *fraterculus* male mating success. Moreover we provided evidence that guava exposure affects behavioral and physiological parameters that are normally correlated with sexual performance. This strongly suggests that guava directly influences male mating competitiveness by altering chemical and physical cues related to the communication between sexes. Changes in male calling behavior appeared to be more marked during the initial phase of the sexual activity period, when most of the mating pairs are formed. The enhanced mating success was partially mimicked in laboratory males by using a subset of volatile chemicals present in guava fruit.

The effect of guava volatiles on *A*. *fraterculus* male mating success was evident both for wild and laboratory flies, being slightly stronger in laboratory flies. Thus, we validated the results of Vera et al. \[[@pone.0124250.ref024]\] and extended them to laboratory males paired with wild females. In the case of guava volatiles, the mating ratio between exposed and non-exposed males was higher for laboratory than for wild males. In the case of the artificial blend, the response was evident only for laboratory flies. The lower response of wild males could be related to the expected larger variation in the nutritional environment in which they grew as larvae. Wild flies were recovered from guava fruit, a much more variable developing substrate than the artificial larval diet in which laboratory flies were reared. This results in a higher intra-specific difference in male nutritional status at the time of emergence and also in larger variation in male size which has been shown to have an impact on mating success \[[@pone.0124250.ref027]\]. Alternatively, it can be proposed that wild males are naturally more competitive than laboratory males \[[@pone.0124250.ref047]\] and the room for improvement after guava exposure is narrower.

We found differences in male calling behavior and pheromone emission that partially unravel the physiological mechanisms responsible for the increased mating success after guava volatiles exposure. Fruit exposure increased both physical (visual and/or mechanical) and chemical (pheromone release) aspects of sexual signalling. Kumaran et al. \[[@pone.0124250.ref014],[@pone.0124250.ref015]\] showed that pheromone composition changes after exposure to compounds that sexually enhance males of *B*. *tryoni*, but in their case the males ingested those compounds. In *Toxotrypana curvicauda*, the maximum peak and the temporal pattern of the pheromonal compound 2-methyl-6-vinylpyrazine released were modified by the presence of host fruit and conspecific males or females \[[@pone.0124250.ref048]\]. Therefore, to our knowledge this is the first demonstration that pheromone emission is increased in males that have been exposed to volatiles of a natural source (with which they did not have contact) that enhance their mating competitiveness in Tephritidae flies. Kumaran et al. \[[@pone.0124250.ref014],[@pone.0124250.ref049]\] suggest that complex physiological changes in *B*. *tryoni* occurred when male flies fed on cuelure and zingerone. These changes are not exclusively associated to the pheromone system but also with physiological increase in males activity, suggesting that induced sexual selection is governed not only by female preference but also male competitive mechanisms. Likewise, Shelly \[[@pone.0124250.ref017]\] and later Papadopoulos et al. \[[@pone.0124250.ref021]\] observed that males of the Mediterranean fruit fly exposed to ginger root oil (GRO) performed more calling than non-exposed males, but females were equally attracted to pheromone released by GRO-exposed and non-exposed males, suggesting that other stimuli may be needed to trigger female´s mating preference. As found by Kumaran et al. \[[@pone.0124250.ref014]\] for *B*. *tryoni*, in *A*. *fraterculus* guava exposure affected pheromone emission and the sexual activity of the males through different channels of communication associated with courting (wing fanning, and exposure of salivary gland and anal pouch). However, the fact that pheromone was sampled from a group of males preclude to determine whether guava exposure increases the proportion of males releasing the average amount of pheromone a mature male releases, or it induces individual males to release larger amounts of pheromone beyond an average amount. Yet, collection of pheromone from individual males would help to solve this question. Likewise, data on female behavioral or electrophysiological response to sex pheromone will surely increase our understanding of the mechanisms underlying the effect of guava volatiles on reproduction in *A*. *fraterculus*.

It is important to notice that sexual display and pheromone release were measured one day after the mating test, since it was not possible to measure both mating enhancement and sexual display on the same day given the short mating window (ca. 2 h). Our experiment with wild males (Experiment 2) showed non-significant effect of mating. Additionally, Teal et al. \[[@pone.0124250.ref040]\] showed that young (6--7 d-old) mated males of *Anastrepha suspensa* (Loew) produce larger amounts of pheromone than virgin males of the same age, but this difference disappears when they are 9 d-old. In our pheromone collection assays tested males were always older than 10 d-old, and thus the differences in pheromone production between exposed and non-exposed males can barely be related to their mating status, reinforcing the idea that higher pheromone emission preceded (and favoured) mating. Hence, we are confident that the increase in pheromone is due to the exposure to guava volatiles.

The expression of sexual display followed a consistent temporal pattern. Activity was high early in the morning, soon after dawn, and diminished with time. Accordingly, mating activity was also greatest within the first 30 minutes of daylight. The effect of guava exposure on wing fanning and salivary gland exposure was especially evident at this time, whereas differences in anal pouch exposure did not became statistically significant along the calling period. These results reveal different regulation of these three behaviors. Nation \[[@pone.0124250.ref031]\] suggested that the different components of the pheromone are produced and released in different parts of the body in *A*. *suspensa*: anastrephin and epianastrephin are concentrated mainly in the rectal region, while suspensolide and bisabolene were present in the enlarged salivary glands. In *A*. *fraterculus* males, the two isomers of suspensolide and (E,E)*-*α-farnesene were detected from a liquid sample of salivary glands, while anastrephin and epianastrephin were detected only when the insect aeration chamber was washed up with hexane \[[@pone.0124250.ref050]\]. Together, these results suggest that pheromone emission in *A*. *fraterculus* is a complex task involving multiple points of release and regulation. The fact that there is a correlation among behavioral parameters of male calling and pheromone release suggests a highly coordinated response.

*Anastrepha fraterculus* is an important fruit pest in South America, and the only control method available is the use of pesticides. One environmentally friendly alternative to control this pest is the SIT. Continuous mass-rearing or sterilization may compromise, among others, the capacity to perform elaborate courtship resulting in lower sexual competitiveness \[[@pone.0124250.ref051]--[@pone.0124250.ref054]\]. Constraints related to mating competitiveness of mass-reared sterilized flies can at least partially be overcome by providing protein supplies, proper radiation doses and irradiation conditions, and methoprene treatment \[[@pone.0124250.ref038],[@pone.0124250.ref055],[@pone.0124250.ref056],[@pone.0124250.ref057]\]. Pre-release exposure to fruit volatiles may improve the effectiveness of the sterile males as it is currently been conducted for *C*. *capitata* \[[@pone.0124250.ref018], [@pone.0124250.ref058]\]. However, this is a lab study and there were neither competition between wild and mass-reared males, nor sexual enhancement of sterile males. These experiments are the next step of this project since the results will be decisive in order to go further with its implementation.

While the use of actual guava fruit is not feasible considering the desired scale of sterile male production and release protocols, the appropriate approach is to develop a synthetic blend that includes the key compounds present in guava fruit. Similarly to what was found by Kouloussis et al. \[[@pone.0124250.ref044]\] for *C*. *capitata*, *A*. *fraterculus* laboratory males exposed to an artificial mixture based on compounds present in guava volatiles achieved *ca*. 60% of the recorded mating when they competed with non-exposed males. This result encourage performing additional studies with mass reared irradiated or unfertile males and the identification of the active ingredients in the blend and their ratio in an optimized mixture, to achieve maximum effect in enhancing mating competitiveness to be transferred to a massive scale.

Supporting Information {#sec023}
======================

###### Total ion chromatogram obtained from analysis of volatiles collected from guava fruit.

The fruit was cut in halves and placed in cylindrical glass chambers of 0.8 L (40 cm long, 5 cm in diameter). Volatile collection procedure was identical to those followed for male pheromone collection. Volatile traps (Hayesept Q) were eluted with 200 μl of methylene chloride and chemically analyzed using an Agilent 6890 instrument coupled to Agilent 5973 selective mass detector. Compounds are (1) Ethyl butanoate, (2) *E*-2-hexenal, (3) Ethyl hexanoate, (4) Limonene, (5) *E*-β-ocimene, (6) α-humulene.

(PDF)

###### 

Click here for additional data file.

###### Correlation values among behavioral parameters of male calling and individual pheromone compounds.

Results of the Pearson Product-Moment correlation analysis. Correlation coefficient *r* and associated *P*-value is presented for each pair of variables. N = 16.

(DOCX)

###### 

Click here for additional data file.
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